Context: Glucocorticoids and inflammation inhibit bone formation; however, the impact on skeletal modeling is unknown.
D
uring growth, skeletal modeling is characterized by sex-, race-, and maturation-specific increases in trabecular and cortical volumetric bone mineral density (BMD) and bone dimensions (1, 2) . As long bones increase in length, bone formation by osteoblasts on the periosteum results in increases in bone width and strength. Si-multaneously, bone resorption by endocortical osteoclasts expands the medullary cavity. Sex and race differences in bone modeling during development contribute to life-long differences in bone strength (3) .
Glucocorticoids are highly effective and widely prescribed for the treatment of a myriad childhood diseases. It is well established that glucocorticoids result in sustained reductions in bone formation due to decreased osteoblast differentiation, function, and life span (4, 5) and increases in bone resorption by osteoclasts (4) . Proinflammatory cytokines, such as TNF-␣ and IL-6 have similar adverse effects on bone formation (6, 7) and resorption (8, 9) . The growing skeleton may be particularly vulnerable to the detrimental effects of chronic inflammation and glucocorticoids on bone metabolism, resulting in life-long insufficiency in bone structure.
Crohn disease (CD) is a chronic inflammatory condition of the gastrointestinal tract associated with defective innate immune regulation. We previously established an incident pediatric CD cohort to document the effects on peripheral quantitative computed tomography (pQCT) measures of volumetric BMD and cortical structure prior to initiation of glucocorticoid therapy and to examine changes in bone outcomes over the subsequent year (10) . We reported substantial deficits in trabecular BMD and cortical dimensions at diagnosis. Although trabecular BMD improved over the first 6 months, no further improvements were observed over the subsequent 6 months, and cortical dimensions failed to improve commensurate with linear growth despite significant improvements in muscle area. We were unable to demonstrate associations of glucocorticoid exposure or disease activity with changes in these outcomes.
The relatively short duration of that study limited our ability to examine the independent effects of glucocorticoid exposure, disease activity, and linear growth on bone modeling. Therefore, we extended follow-up to include an additional visit a median of 42 months after diagnosis. The objectives of this extension study were to identify determinants of long-term changes in trabecular and cortical outcomes, including glucocorticoid exposure, linear growth, disease activity, muscle area, and vitamin D levels. We postulated that the glucocorticoid exposure and greater disease activity would impair skeletal modeling during growth.
Materials and Methods

Study participants
Incident CD patients, aged 5-21 years, were eligible for enrollment and were recruited from the Children's Hospital of Philadelphia and gastroenterologists in the community. CD patients with other chronic illnesses or medications potentially affecting growth and nutrition were excluded. Baseline visits were completed within 2 weeks of diagnosis and follow-up visits 6 and 12 months later. A long-term follow-up (LTFU) visit was completed a median of 42 months (range 23-54 months) after diagnosis. This study was limited to the 76 participants with at least 2 visits; 51 completed the LTFU visit. Changes in body composition (11) and vitamin D metabolism (12) through the LTFU visit have been reported. The CD participants were compared with a concurrent reference population of more than 650 healthy children and adolescents recruited from general pediatric clinics in the greater Philadelphia area (1, 10) . Study approval was obtained from the institutional review board. Informed consent was obtained from participants 18 years of age or older and assent as well as parental consent in those younger than 18 years.
Anthropometry, pubertal development, and race
Height was measured using a stadiometer (Holtain, Crymych, United Kingdom) and weight with a digital scale (Scaletronix, White Plains, New York). Tanner stage was assessed by self-assessment questionnaire (13, 14) . Race was identified by the parent or participant according to National Institutes of Health categories.
CD characteristics
CD diagnosis was confirmed by endoscopic, histological, and clinical parameters. CD activity was assessed using the Pediatric CD Activity Index (PCDAI) based on symptoms (30%), physical examination (30%), laboratory parameters (20%), and growth (20%), with scores ranging from 0 to 100 (15) . Disease activity was categorized as none (1-10), mild (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and moderate to severe (Ͼ30). Disease characteristics, medications, and nutritional supplements were recorded. Participants were provided with glucocorticoid diaries that were reviewed at each visit. Intravenous methylprednisolone doses were converted to prednisone equivalents, and the mean glucocorticoid dose in each participant (milligrams per kilogram per day prednisone equivalents) was tabulated over each interval between visits.
Peripheral quantitative computed tomography
Scans were obtained in the left tibia using a Stratec XCT2000 device (Orthometrix, White Plains, New York) with a 12 detector unit, voxel size 0.4 mm, slice thickness 2.3 mm, and scan speed 25 mm/sec. Bone measurements were obtained 3% proximal to the distal physis for trabecular volumetric BMD (milligrams per cubic centimeter) and at the 38% diaphysis for cortical volumetric BMD, (milligrams per cubic centimeter), periosteal and endosteal circumference (millimeters), and cortical cross sectional area (square millimeters ). In vivo studies demonstrated that the pQCT trabecular BMD and diaphyseal cortical area were highly correlated with fracture load (R ϭ 0.75 and R ϭ 0.93, respectively) (16) . Muscle area (cubic millimeters) was assessed at the 66% site. The manufacturer's hydroxyapatite phantom was scanned daily. In our laboratory, the coefficient of variation ranged from 0.5% to 1.6% for pQCT outcomes.
Laboratory measurements
Measures at each visit included serum erythrocyte sedimentation rate (ESR) (millimeters per hour) and albumin (grams per deciliter) levels using standard methods in the clinical laboratory. 
Statistical analysis
Analyses were performed using Stata 11.0 (Stata Corp, College Station, Texas). P Ͻ 0.05 was considered significant and 2-sided tests used throughout. Continuous variables were expressed as means Ϯ SD or median (range). Group differences between CD and reference participants were assessed using a Student's t test or a Wilcoxon rank-sum test. Changes within CD patients were tested using the paired t test or the Wilcoxon signed-rank test. Differences in proportions were tested using the 2 test. Correlations between continuous variables were assessed by Pearson or Spearman correlations, as appropriate.
Age-and sex-specific height and BMI Z-scores were generated using national data (18) . pQCT outcomes were converted to race-and sex-specific Z-scores using the method of smooth L curve, mean, and coefficient of variation (Chartmaker Program, version 2.3, Tyne and Wear, United Kingdom) based on the reference participants (19) . This method accounts for the nonlinearity, heteroscedasticity, and skew of bone data in growing children. The BMD outcomes were assessed relative to age. The cortical geometry outcomes were highly correlated with tibia length (all P Ͻ .0001); therefore, Z-scores for these parameters were generated relative to age and further adjusted for tibia length for age Z-score (20, 21) . Changes in pQCT Z-scores were assessed with generalized estimating equations (GEE) (22) . The GEE models examined changes in pQCT Z-scores between study visits. The following covariates were tested in all models: Z-score at the start of each interval, age, sex, race, and visit number.
Models for changes in bone outcomes evaluated associations with glucocorticoids (milligrams per kilogram per day) and increases in tibia length (millimeters) within each interval, PCDAI score, and 25(OH)D level at the beginning of each interval and changes in PCDAI and 25(OH)D over each interval. Models for changes in cortical BMD Z-score included changes in cortical area Z-scores and interval tibia growth to examine the effects of new bone formation. Models for changes in cortical dimensions Z-scores tested the association with baseline and change in muscle area Z-score over each interval.
Increases in tibia length were highly correlated with increases in absolute cortical dimensions (eg, R ϭ 0.82 for periosteal circumference, P Ͻ .0001). Therefore, the models for changes in cortical dimensions tested for an interaction between tibia growth and glucocorticoid exposure as well as tibia growth and PCDAI score. These models determined whether growth modified the associations of glucocorticoids or disease activity with changes in cortical dimension Z-scores.
Results
Participant characteristics
Seventy-eight CD participants enrolled at diagnosis and 76 completed at least 1 subsequent visit (Table 1) . Fifty-one completed the LTFU visit. Baseline age, sex, maturation, height Z-score, and PCDAI scores did not differ between those who did vs did not complete the LTFU visit. (6) 3 (4) 8 (15) Results are presented as means Ϯ SD and range.
Clinical course
Disease activity, medications, and laboratory results are summarized in Table 1 . At enrollment, 60% of participants had moderate to severe disease activity. PCDAI, ESR, and serum albumin levels improved (P Ͻ .001) and glucocorticoid doses declined (P Ͻ 001). At the final visit, 85% and 15% had no active disease or mild disease, respectively. Vitamin D levels improved, as described (12) . Table 2 summarizes pQCT and anthropometry Z-scores in CD participants at each visit, limited to those with a LTFU visit to facilitate comparisons across visits. The asterisk indicates differences (P Ͻ .05) compared with reference participants.
pQCT outcomes
Trabecular BMD
As previously described, trabecular BMD Z-scores were significantly lower in CD participants at diagnosis compared with the reference participants and increased significantly over the first 6 months (P ϭ .001) (10) . There was no evidence that age at diagnosis was associated with subsequent glucocorticoid exposure, (r ϭ Ϫ0.07, P ϭ .53). Z-scores did not improve further through LTFU (Figure 1 ) and remained on average, significantly lower compared with reference participants.
The multivariable GEE model over the entire study demonstrated that increases in trabecular BMD Z-scores were significantly greater during the first 6 months, compared with subsequent intervals (P ϭ .03). Younger age was associated with greater increases in BMD Z-score (P ϭ .005), and this was most pronounced during the first 6 months (test for interaction, P ϭ .036) (Figure 2) . Lower PCDAI at the start of each interval [␤ ϭ Ϫ.01, 95% confidence interval (CI) Ϫ0.02, Ϫ0.002; P ϭ .02] and greater declines in PCDAI over each interval (␤ ϭ Ϫ.02, 95% CI Ϫ0.03, Ϫ0.01; P Ͻ .001) were independently associated with greater improvements in trabecular BMD Z-score. Increases in 25(OH)D levels were independently associ- 
Cortical BMD
At diagnosis, cortical BMD Z-scores were not significantly different compared with reference participants (10) . Cortical BMD Z-scores increased significantly over the first 6 months (P ϭ .003) and subsequently declined. Cortical BMD Z-scores were markedly lower compared with reference participants at the final visit (Table 2 and Figure 1 ).
In the multivariable GEE model, greater increases in tibia length [␤ ϭ Ϫ.20/cm (95% CI Ϫ0.21, Ϫ0.14); P Ͻ .001] and greater increases in cortical area Z-scores [␤ ϭ Ϫ.48 (95% CI Ϫ0.65, Ϫ0.31); P Ͻ .001] were independently associated with greater declines in cortical BMD Z-scores. Greater glucocorticoid exposure over the study interval was independently associated with greater increases in cortical BMD Z-scores [␤ ϭ .72 per mg/kg⅐d (95% CI 0.03, 1.41); P ϭ .04]. PCDAI scores, age, sex, and 25(OH)D levels were not associated with changes in cortical BMD Z-score.
Cortical dimensions
At diagnosis, cortical area Z-scores were significantly lower and endosteal circumference Z-scores significantly greater in CD participants compared with reference participants. Over the first 6 months, both cortical area and periosteal circumference Z-scores decreased significantly (P ϭ .001 and P ϭ .0001, respectively), whereas endosteal circumference Z-scores remained unchanged. However, from 12 months to the LTFU, cortical area Z-scores improved, predominantly due to slowed endosteal expansion in addition to marginal increases in periosteal circumference Z-scores (Figure 3 ). At the LTFU visit, cortical area and endosteal deficits persisted.
In the multivariable GEE model of changes in cortical dimension Z-scores, greater increases in tibia length were associated with greater improvements in cortical area (increase) and endosteal circumference (decrease) Z-scores (both, P Ͻ .001). Greater glucocorticoid exposure (P ϭ .008) and disease activity (P ϭ .001) were associated with declines in cortical area Z-score. Furthermore, there was a negative interaction between growth and glucocorticoid exposure (P ϭ .047) and between growth and PCDAI (P ϭ .035). That is, greater glucocorticoid exposure and greater disease activity were associated with lesser improvements in cortical area Z-scores, and these associations were significantly more pronounced with greater increases in tibia length. Similar patterns were observed for periosteal circumference.
Lower PCDAI (P ϭ .03) at the start of each interval and less glucocorticoid exposure over the study interval (P ϭ .04) were associated with improvement (decreases) in endosteal circumference Z-scores. These effects were not significant when both covariates were included in the model. There was no evidence of an interaction with growth.
Female sex was associated with smaller increases in periosteal (P ϭ .01) and cortical area Z-scores (P Ͻ .01). Participant age and 25(OH)D levels were not associated with changes in cortical dimension Z-scores.
Assessment of the functional muscle bone unit
CD participants had significant muscle deficits at diagnosis with modest improvement over the study interval and persistent deficits at LTFU, consistent with our prior report using whole-body dual-energy x-ray absorptiometry (DXA) lean body mass (11) . The GEE models demonstrated that higher muscle area Z-scores at the start of each interval were positively and significantly associated 
Discussion
This study demonstrates that CD was associated with significant and persistent deficits in trabecular volumetric BMD and with impaired modeling on the periosteal and endosteal surface of cortical bone (with consequent deficits in cortical area) despite marked improvements in disease activity. The observation that younger children had greater increases in trabecular BMD in the first 6 months after diagnosis suggests a greater potential for recovery in younger children. Age at diagnosis was not associated with subsequent glucocorticoid exposure; therefore, greater improvements in the younger participants were not explained by differences in glucocorticoid dose. The lack of an association between glucocorticoid dose and changes in trabecular BMD Z-scores may have been due to the effects of glucocorticoids to improve disease activity, which was associated with improvements in trabecular BMD Z-score. With regard to cortical area Z-scores, the positive association between changes in tibia length and cortical area Z-scores was attenuated by greater concurrent glucocorticoid exposure. That is, less glucocorticoid exposure was associated with greater recovery of the cortical area, especially in the setting of linear growth. This is consistent with a study demonstrating catch-up of cortical bone area after the cessation of dexamethasone in growing rabbits (23) .
This study advances previous studies in multiple ways. First, pQCT provides 3-dimensional measures of trabecular and cortical volumetric BMD as well as measures of cortical dimensions that are highly correlated with failure load (16) . In contrast, DXA is a 2-dimensional technique that cannot distinguish between superimposed cortical and trabecular bone or evaluate cortical structure (24) . Second, to our knowledge, this is the first quantitative computed tomography study to assess long-term (Ͼ1 year) changes in BMD and cortical structure in any childhood chronic disease, with one exception. Werkstetter et al (25) examined a mixed incident/prevalent cohort of children with inflammatory bowel disease (CD and ulcerative colitis) over a median of 2.6 years. Analyses were limited to the first and last visit, and Z-scores for cortical geometry were calculated relative to height without adjustment for age. The study did not demonstrate glucocorticoid effects or examine the impact of growth. The authors reported low trabecular BMD and preserved cortical area. As noted by the authors, the lack of cortical deficits may have been due to correction for height alone and the potential comparison of pubertal inflammatory bowel disease participants with healthy prepubertal controls of the same height. We previously demonstrated the bias introduced by this approach in DXA studies and advocated for adjustment of DXA Z-scores for height Zscores (20) . Our robust reference population in this pQCT study facilitated an adjustment for age, sex, and race along with an adjustment for tibia length for age Z-score, analogous to our DXA approach.
The baseline trabecular BMD deficits in our incident CD cohort illustrate the impact of the underlying disease (10) . The subsequent changes after the initiation of treatment suggest that inflammation and malnutrition are primary determinants of trabecular deficits; trabecular BMD Z-scores improved significantly over the first 6 months despite glucocorticoid therapy in the majority, improvements in PCDAI scores and vitamin D levels were associated with improvement in trabecular BMD Z-scores, and greater glucocorticoid exposure was not associated with changes in trabecular BMD Z-scores independent of disease severity. This is the third chronic pediatric disease in which we observed that glucocorticoid therapy was associated with greater cortical BMD Z-scores (26, 27) . We hypothesize that this is due to glucocorticoid actions to suppress bone formation with less deposition of new matrix and a resultant accumulation of older cortical bone with greater secondary mineralization. In this study, we observed increases in cortical BMD Z-scores over the first 6-month interval when glucocorticoid doses were greatest. In the subsequent intervals, cortical BMD Z-scores decreased significantly. We attributed this to accrual of new, less well-mineralized bone as cortical area expanded. This is consistent with our prior observations during recovery from chemotherapy in childhood leukemia in which catch-up in cortical area was associated with marked reductions in cortical BMD (21) . A similar pattern was reported in the setting of GH therapy (28) .
The lower cortical bone area was a result of significant expansion of endosteal dimensions coupled with variable reductions in periosteal expansion. In the rabbit study of dexamethasone effects on cortical accrual during growth, the marrow diameter was unaffected (23) . The authors concluded that the major effect of glucocorticoid excess was not to stimulate cortical resorption but to inhibit periosteal bone formation. This is consistent with our results because significant periosteal deficits were not observed at diagnosis but increased over the first year in association with glucocorticoids. Of note, the decline in periosteal Z-scores did not represent a reduction in absolute circumference; rather, there was a failure to expand the periosteum commensurate with increases in tibia length. The endocortical deficits were pronounced at diagnosis and likely reflected cytokine effects to increase bone resorption. Muscle deficits may have also contributed to periosteal and endosteal deficits.
Numerous studies have demonstrated that cortical expansion in response to biomechanical loading (eg, playing vs nonplaying arm in tennis players) is maturity and growth dependent (29, 30) . Ducher et al (29) reported that height velocity was a significant determinant of exerciseinduced benefits in periosteal dimensions (P Ͻ .01), concluding that Tanner stages I-III represent the optimal time to enhance bone mass. We hypothesize that the potential for recovery of periosteal dimensions in childhood disease is greatest during growth, with the corollary that the risk for progressive deficits is also greatest during growth. This is consistent with our report that changes in periosteal circumference Z-scores in children with nephrotic syndrome were inversely associated with growth velocity (27) .
This study is subject to multiple limitations. First, the lack of bone biopsy data precluded measures of bone turnover and mineralization, trabecular microarchitecture, and cortical porosity. Bone biomarkers have been proposed as surrogates of bone turnover; however, poor growth results in marked reductions in bone biomarkers, confounding their interpretation in childhood disease (31) . Second, the study may have been subject to bias as a result of loss to follow-up; however, participant characteristics did not differ between those who did vs did not complete the LTFU visit. Third, this long-term study was initiated in an era when biological therapies were not yet in widespread use; however, the results still speak more broadly to the impact of glucocorticoids and inflammation on the growing skeleton. Fourth, we did not include measures of dietary intake or physical activity; therefore, we cannot assess the contributions of these disease-related risk factors.
In summary, this study suggests that childhood chronic diseases are characterized by a window of vulnerability during growth and development as glucocorticoids and inflammation impair trabecular and cortical modeling. Future studies are needed to leverage the window of opportunity for interventions to promote bone accrual during growth and maturation.
